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SUMMARY 

A test program has been conducted with an experimental augmentor that 
employed swirling flow to promote rapid flame propagation. The program in- 
eluded measurement of the trajectory and dispersion of JP-5-type kerosene in- 
jected into a strongly swirling flowfield. Based on the results of these tests, 
a set of fuel Injectors was designed and fabricated. Using these fuel Injectors, 
the performance of the augmentor was determined by hot testing over a wide 
range of equivalence ratios. 

The trajectory and dispersion of the fuel sprays were determined 
through an enthalpy balance based on the measured drop in air temperature 
brought about by fuel evaporation. Temperature traverses were made at four 
axial positions downstream of the fuel injection plane, using a multipoint probe. 
Traverses were made with four different injector fuel flows, as well as an iso- 
thermal baseline at each of the four axial positions. The test temperature was 
nominally 649*C (1200*F), and the pressure was near ambient. Tests were con- 
ducted with fuel injectors installed at four radial locations. Results showed the 
swirling flowfield had no effect on the radial trajectory of the fuel spray. This 
was due to the rapid evaporation of the fuel at the high test temperatures. The 
evaporation of the fuel reduced the density difference between the fuel and air 
such that the centrifugal forces were not able to separate them. Circumferen- 
tially, the fuel was displaced in accordance with the swirl angle. 

A concentric sprayring-type fuel injector design was selected on the basis 
of these results. The main criterion for the loeation and diameter of each spray- 
ring design was the requirement of a reasonably uniform fuel distribution across 
the augmentor flamefront. 

Using these sprayrings, hot tests were conducted at a nominal inlet tem- 
perature of 649*C (1200®F) and at a 2-atmosphere pressure level. Two com- 
bustion cases were used, giving augmentor length- to-diameter ratios (L/D) of 
0.87 and 1.37. With the longer case (L/D = 1.37), combustion efficiency was 
greater than 95% over most of the operating range, which extended from an 
equivalence ratio of 0. 2 to over 1. 0. The combustion efficiency obtained with 
the shorter case (L/D = 0. 87) was lower but was above 80% at all equivalence 
ratios. 

Air angle measurements were made during the fuel dispersion tests at 
three locations downstream of the fuel injection plane. The data show the air 
angle to be equal to the vane angle except near the outer wall and the rig center- 
line. 


To initiate and maintain combustion, a swirling flow augmentor has an 
annular pilot birner surrounding the outer wall of the combustion zone. Lean 
blowout of the augmentor is defined by the lean blowout of the pilot. As long as 
the pilot is operating, the augmentor can be ignited. The lean blowout of the 
pilot, and hence the augmentor, was found to occur at an augmentor fuel-air 
ratio of 0. 0018. 
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INTRODUCTION 

The work described herein is the second phase of an effort undertaken by 
the NASA Lewis Research Center and the Pratt & Whitney Aircraft Florida 
Research and Development Center (FRDC) to determine the effects of swirling 
flow on augmentor performance. It has been demonstrated that swirling flow 
enhances the combustion process by greatly increasing the flame speed. The 
mechanism by which this is accomplished is the buoyancy of the hot burned 
gases relative to the cold unreacted gases. In a strongly swirling flowfield, 
the hot gases will accelerate toward the centerline of swirl and the cold gases 
toward the outer wall due to the centrifugal forces created by the flowfield. In 
such an augmentor, combustion is initiated at the outer wall by a suitable pilot 
burner. The flame then rapidly spreads toward the rig centerline until combus- 
tion is complete. Data obtained in a combustion centrifuge (Reference 1) show 
that the flame propagation velocity in a strongly swirling flowfield can be as high 
as three times the normal turbulent flame velocity. This high rate of flame 
spreading can be utilized to increase the combustion efficiency of augmentors 
and/or to reduce the augmentor length without sacrificing efficiency. 

Since the flame is stabilized by the pilot burner and the flame propagation 
rate is much faster than normal, the swirling flow augmentor requires no addi- 
tional flame stabilizing devices, such as "vee gutter" type flameholders. This 
makes possible considerable reduction in augmentor total pressure losses. 

An earlier program (Reference 2) demonstrated the ability of the swirling 
flow augmentor to provide near 1009c comixistion efficiency in a short length 
(augmentor L/D = 1. 37), with pressure losses typical of current augmentors. 
However, sufficient data were not generated for the confident design of future 
swirling flow augmentors. Of immediate interest is information describing the 
behavior of JP-lype fuels injected into the swirling flowfield. An obvious 
question is, do the strong centrifugal forces created in the swirling flowfield 
sling the fuel out to the outer wall, and if so, how are the sprayrings to be de- 
signed to compensate for this ? 

The current program was designed to obtain data on the dispersion and 
trajectory of JP-5-type kerosene injected into a swirling flowfield. Using the 
data thus obtained, a sc' >f sprayrings were designed and their performance 
demonstrated during hot costs of the augmentor rig. The fuel dispersion tests 
and the sprayring demonstration tests were conducted at a nominal inlet tem- 
perature of 649*C (1200*F). The fuel dispersion tests were run at a 1-atmos- 
phere pressure and the sprayring demonstration tests at a 2-atmosphcre pres- 
sure. 
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TEST FACILITY 

The augmenLor was tested at the FRDC B-2 component test complex. The 
complex consists of several test pads, a control room, an air supply, and as- 
sociated systems normally required for testing primary burners, augmentors, 
and ramburners. 

Air Flow System 

Test air was bled from the compressor of a J75 turbojet engine and de- 
livered to the rig, as shown in figure 1. The system can deliver 12.7 Kg/sec 
(28 lbj„/sec) airflow at pressures up to 5.516 x 10^ N/m2 (80 psia). Air tem- 
peratures of approximately 288“C (550°F) can be obtained at the augmentor inlet 
without prebu ruing. 

Preheater 

The facility was equipped with an in-line preheater to raise the augmentor 
inlet air temperature from the J75 compressor bleed value of about 260*C (500°F) 
to the 649°C (1200*F) test condition of the contract. To obtain the required tem- 
perature rise the preheater was normally operated at a fuel-air ratio of 0.0114. 
The preheater was a single can from a can-annular turbojet combustion system. 
The can was 30.5 cm (12. 0 in. ) In diameter and was equipped with a 10. 2 cm 
(4 in. ) centerbody so that the primary zone was actually an annulus. Fuel (JP-5) 
was supplied to the preheater through six dual orifice fuel nozzles which were 
equipped with an air swlrler to provide flame stabilization. The can was mod- 
ified to provide good combustion efficiency at the low temperature rises required 
by the test program by altering the flow area and hole pattern. The temperature 
rise across the combustor was only 371*C (700“F) since the preheater inlet 
temperature was approximately 260“C (500*F). To maintain a primary zone 
equivalence ratio of at least 0.8 for good flame stabilization, the hole pattern 
was altered to bypass most of the airflow to the dilution holes. Also, the 
combustor open area was increased from 290 cm2 (45 in. 2) to 613 cm2 (95 in. 2) 
to keep the pressure losses from becoming excessive. These changes, however, 
resulted in a very center-peaked temperature profile. This was corrected by 
installing a multi-hole mixer in the ducting downstream of the combustor. The 
preheater was ignited by injecting a pyrophoric fluid, triethylborane. 

Fuel Flow System 

The facility was equipped with three high-pressure fuel zones. Each zone 
was capable of supplying 1225 Kg/hr (2700 Ibjjj/hr) of JP-5 type fuel at pressures 
up to 6.895x10® N/m2 gage (1000 pslg). The augmentor fuel zones - preheater, 
pilot, and the sprayrings - were connected to the facility fuel system as shown 
in figure 2. The preheater and pilot fuel zones were on one of the facility fuel 
zones exclusively. The augmentor sprayrings were then connected to the re- 
maining two facility fuel zones. The crossover line connecting the two facility 
fuel pumps supplying the augmentor sprayrings was provided so that fuel flows 
in excess of the capability of either pump could be tested. 
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Kaeility Instrumentation 

Serving the test stand was a 100-ch.' uiel ciigiial recorder capai)lc- of record- 
ing at a maximum sampling rate of (iddO samples per second. iJata were recorded 
on magnetic tape that is directly compatililc with a high-speed digital computer. 
Also provided were 10 channels of strip chart recorders for real-'ime test moni- 
toring and a IJO-channel oscillograph for higher irequenev data recording. 

A 1(1 Mi; N’T OR DKSK'.X I’KATUHRS 

The experimental augmenlor used in this program is shown in figure 3. 

The rig was configured to simulate the conditions typical of augmented tu/bojets. 
Consequently, all of the tests, both the fuel dispersion and peuormance demon- 
stration tests, were conducted at or near 0 19'’C (1200®F) inlet total temperature. 
The rig was nominally 0.381 meters (15 inches) in diameter. This size was 
selected to be compatible with the test facility airilow and pressure capabilities. 

To simulate the close proxinr’ty of the turbine and its resistance to slight 
downstream pressure perturbations, the turbine simulator vane assembly shown 
in figures 3 and 4 was used. This rig section was e(|uipped with 21 accelerating 
and diffusing vanes designed to simulate the pressure drop characteristics of a 
turbine. The vanes were sized to acceU rate the flow to a Mach number of 
approximately 0.8. The flow was then gradually diffused over the rear portion 
of the vanes to minimize distortion and total pressure loss. 

To create the strongly swirling flowfield essential to the concept, the swirl 
vane assembly shown in figure 5 was used. 'I’he vanes had a nominal turning 
angle of O.fil radians (35 degrees). The swirl intensity created by these vanes 
was approximately fi7''0 times the standard acceleration due to gravity at the 
pilot when operating at a vane inlet Mach number of 0.250. The turning vanes 
were a simple curved sheet metal design to minimize cost. 

An annular pilot burner (figure 3) functioned as the ignition source for the 
mainstream flow as well as the flame stabilization device. Since the flame 
spreads radially in toward the augmentor centerline, the pilot passage was de- 
signed to surround the swirling flow combustion chamber. The pilot burner 
was constructed along the lines of a primary combustor. Fuel was injected 
through 20 air-blast-type fuel nozzles equally spaci>d around the circumfi'rence. 
To stabilize the flame, air swirlers at each fuel nozzle were employed. The 
pilot fuel nozzles and swirlers were designed to flow' approximately 4.5'.’ of the 
total augmentor flow. 

The rig was provided with two water-cooled combustor cases of differing 
length. This allowed the effect of length-to-diameter ratio (L/D) on perform- 
ance to be evaluated. The two cases provided L/l)'s of 0.87 and 1.37. 

To minimize the cost of the rig, a fixed-area convergent nozzle was uti- 
lized. The exit diameter was 27.2 cm (10.69 inches). As with the combustor 
cases, the nozzle was water cooled. 
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Figure 4. Turbine Simulator Case Assembly 
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Figure 5. 35-deg Swirl Vane Assembly 
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The augmenlor was equipped with an acoustic liner, as shown in figure 3. 
During preliminary testing prior to the award of this contract, combustion 
instability in the frequency range of 500 to 1000 Hz was obtained when opera- 
ting on the pilot burner only. Consequently, the acoustic liner was designed to 
primarily cover the pilot zone. The liner was not designed as a "flight-type" 
liner as this was outside the scope of the experimental work for which the rig 
was designed. The liner was tuned for maximum absorption at a frequency 
of 500 Hz. The absorption coefficient, which is the measure by which an 
in ident pressure pulse in the frequency range of interest is attenuated, was 
approximately 0.6. The liner open area and backing distance were 142 cm2 
(22 in. 2) and 8.57 cm (3.83 in.), respectively. 

The augmentor was equipped with three concentric sprayrings for admit- 
ting fuel to the combustion zone. In designing these rings the effect of a swirling 
flowfield on the dispersion and trajectory of fuel sprays had to be determined. 

For this reason, the fuel dispersion tests were conducted. 

FUEL DISPERSION TEST HARDWARE DESIGN 

A set of four single-point, drilled-orifice fuel injectors was designed for 
use during the fuel dispersion tests. Single-point injectors were used to isolate 
the effects of the swirling flowfield on the spray. These injectors were located 
at various radii from the augmentor centerline because the centrifugal loads im- 
posed on the spray vary with radial distance from the centerline. The radial lo- 
cations were 8.3, 10.7, 13.1, and 15.2 centimeters (3.25, 4.20, 5.15, and 5.96 
inches). A typical sprayring element design is shown in figure 6. The deflector 
tab located just downstream of the orifice acts to break up the spray, thus aiding 
fuel atomization. Due to the high inlet air temperature (649°C) and the relatively 
low fuel flows (3.6 to 18. 1 Kg/hr), the element design was directed toward pre- 
venting the thermal decomposition of the fuel inside the sprayring. To do this, 
a large amount of fuel in excess of that injected into the augmentor was passed 
through the element. The high fuel flowrate prevented the fuel from reaching the 
temperature where decomposition could occur. Fuel was supplied through one 
leg of the element, with the excess fuel passing out the other leg to a catch tank. 

The amount of fuel injected into the augmentor was controlled by setting 
the fuel pressure at the injection orifice. Thus, by using calibration curves of 
fuel flow VS" fuel pressure for each spray ring element, the fuel flowrate could be 
determined. 

The sprayring elements were installed in the rig as shown in figure 7. Two 
of the four test elements were installed for each test. They were located 3. 14 
radians (180 degrees) apart to ensure no overlapping of the sprays. 
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AUGMENTOR SPRAYRING DESIGN 

The sprayrings used in the pertormance demonstration tests were designed 
using the results of the fuel dispersion data obtained with the sprayring elements 
described al)ove. In designing the sprayrings it was desired to locate them radi- 
ally and axially to provide a reasonably uniform fuel-air mixture at the flame- 
front. In order to do this, the flamefront location had to be determined. By 
analyzing the flame propagation as the buoyant motion of hot gas bubbles in a 
strong centrifugal flowfield (as descril)ed in Reference 3) the flamefront position 
was calculated to be that shown in figure 8. 



Figure 8. Flamefront Location Based on Bubble FD 95568 

Mechanics 

Note that the flamefront is assumed to start at the inner wall of the pilot 
passage. Therefore, in order to provide for some mixing of the outer spray- 
ring (zone 2) prior to ignition by the pilot, the sprayrings were located upstream 
of the pilot discharge. The location was somewhat arbitrary in that it was not 
considered prudent to locate the sprayrings too close to the swirl generating 
vanes. Vane wakes could entrap the fuel, resulting in flameholding off of the 
vanes. Consequently, the sprayrings were located 3.8 cm (1.5 inches) up- 
stream of the pilot. 

In designing the sprayrings, consideration was given to several factors. 
First, the effect of the centrifugal flowfield on the radial movement of the spray 
had to be determined. Any radial movement of the fuel spray due to the centrif- 
ugal flowfield would have to be allowed for in the design of the sprayrings. 
Second, the degree of spreading in the spray pattern by the time it reaches the 
flamefront had to be determined. The degree of spray pattern spreading fixes 
the flow area to be fed by each zone as well as the number and flowrate of the 
orifices in each zone. Third, the penetration of the fuel spray into the air- 
stream due to fuel jet momentum had to be determined. This factor also affects 


11 



the radial location of the sprayrings. The analysis of the fuel dispersion data, 
to be discussed later, showed that the centrifugal flowfield had no effect on the 
radial position ot the spray. Therefore, the spray ring design was reduc ed to 
the consideration of the second and third factors discussed above, fuel spray 
spreading and fuel spray momentum. 

The design of the zone 2 sprayring, which is the outermost sprayring, is 
discussed in detail; the remaining sprayrings (zones 3 and I) were designed 
in a similar manner. The fuel dispersion data show that, at an axial position 
of 3.8 cm (1.5 inches) downstream of the fuel injection plane, the pattern ex- 
panded to approximately 2.51 cm (1.0 inch) in diameter. As mentioned above, 
the sprayrings were located at that same distance upstream of the pilot discharge, 
which is the starting location of the flamefront. Therefore, the zone 2 sprayring 
was considered to supply the annular area between 10. 1 and 13.3 cm (0.33 and 
5.25 inches) radii. 

The fuel dispersion data also showed that the spray pattern spread to 
approximately the same diameter at any given axial position, regardless of the 
fuel flowrate. This result requires that for the zone 2 spray ring, liie individual 
orifice fuel flows must be kept low to prevent excessively peaked radial fuel-air 
ratio distributions. For the two inner fuel zones, zones 3 and 4, the individual 
orifice flows can be increased without seriously affecting the radial fuel-air 
distribution, since the flamefront is located further downstream. Consequently, 
the zone 2 sprayring individual orifice fuel flow was set at 4. 35 Kg/hr (9.6 pph). 
This was done because by the time the spray, at that flow, reached the flamefront 
it had decayed to a fairly uniform fuel-air ratio distribution of 0.02. The number 
of orifices in the sprayring was calculated by requiring that an overall equival- 
ence ratio of 1.0 exist in the area fed by the zone 2 sprayring. This resulted in 
150 orifices in the zone 2 sprayring. By overlapping the appropriate fuel-air 
distributions obtained during the fuel dispersion tests for each orifice, the total 
sprayring distribution was determined. This procedure is shown in figure 9. 

The zone 3 and zone 4 sprayrings were designed in a similar manner. The 
individual orifice fuel flows selected were 15. 1 and 20.00 Kg/hr (33.9 and 11. 1 
pph) for the zone 3 and zone 4 sprayrings, respectively. For those sprayrings, 
the number of fuel injection orifices required to obtain an equivalence ratio of 
1.0 was 50 and 25, respectively. As with the zone 2 sprayring, the combined 
fuel-air distributions tor the zone 3 and 4 sprayrings were determined by over- 
lapping the appropriate distribution obtained from the fuel dispersion tests. 

These results are shown in figures 10 and 11. 

By averaging these distributions circumferentially, the radial fuel-air 
ratio profile was calculated. This is shown in figure 12. 
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Figure 9. Fuel Distribution. at the Pilot Due to Zone 2 FD 85569 




Figure 10. Fuel Distribution at Flamefront Due FD 95570 

to Zone 3 
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Figure 11. Fuel Distribution at Flamefront Due FI) 95571 

to Zone 4 


The final reciuircment in the de.sign was fixing the e.xaet radial position of 
the sprayring by considering the momentum of the fuel spray. Fuel jet momentum 
causes the fuel spray to penetrate into the high velocity airstream to some dis- 
tance that can be determined by considering the momentums of the air and the 
fuel. The fuel dispersion data indicate that, for the orifice size selected, the fuel 
did not penetrate into the gas stream for any of the fuel flows and pressures 
tested. However, alignment problems with the temperature traverse probe made 
it difficult to fully verify this observation. Therefore, use was made of a P&WA 
internal report presenting data on the penetration of fuel sprays into a moving 
airstream. That data, shown in figure 13, correlates the fuel jet penetration 
with the parameter; 




/fuel 


n ^ 

V ‘’air 

where: 

»ii 


= Hole diameter, cm 

Fuel 

SP 

- Vuvl injector orifice pressure drop, 

q . 
<11 r 


= Dynamic head of the mainstream airilow, N m2 


The data show that for values of this paramet(‘r below 0.43 tlu> fuel jiT dm>s 
not penetrate. 
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The hole c*‘<’meter for all of the above sprayrings was 0.06R cm (0.020 inch). 
This diameter was used to ensure that fuel contaminants, as well as deposits 
that may be formed by fuel decomposition at the high test temperatures, would 
not clog the injection orifices. With this value of hole diameter in the correlating 
parameter, it was determined that the fuel sprays from any of the sprayrings 
would not penetrate. Consequently, all of the sprayrings were located at the 
geometric center of their respective flow areas. 

Figure 14 shows the location of the sprayrings, v/hile figure 15 shows the 
design details. The small deflector tabs on the zone 3 and 4 sprayrings and the 
deflector ring on the zone 2 sprayring aid in breaking up the fuel jets, thus, 
enhancing fuel atomization. 

A modified zone 4 sprayring was also tested. The details of this sprayring 
are shown in figure 16. The diameter of this sprayring was larger than that of 
the baseline zone 4 sprayring described above. The fuel injection orifices were 
larger, 0. 081 cm (0. 032 inch), compared with 0. 066 cm (0, 026 inch) for the 
baseline zone 4. Also, there were 48 orifices instead of 25, and they injected 
fuel both radially Inward and outward. 



Figure 14. Location of Fuel Injection Sprayrings 


FD 95575 
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Note: Orifice Diameter = 0.066 cm (0.026 in.) 


Section A-A 


All Sprayrings 


Figure 15. Fuel Sprayring Details 


FD 95573 



Note: Orifice Diameter = 0.081 cm (0.032 in.) 

Figure 16. Details of Modified Zone 4 FD 95574 


INSTRUMENTATION 

The test rig was lustrumented as shown In figure 17 to provide data on rig 
airflow, fuel flow, augmentor Inlet total pressure, combustion zone static pres- 
sure, and the exhaust nozzle wall temperature. The rig cooling water flowrate 
and inlet and outlet temperature were measured as well. These data were used 
to correct the combustion efficiency for the heat rejected to the cooling water. 
Specialized instrumentation was used to measure the mainstream air angle, the 
location of the flamefront, and the emission levels of unburned hydrocarbon, 
carbon monoxide, and the oxides of nitrogen. The instrumentation used is 
briefly discussed in the following paragraphs. 
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1. Augmentor Airflow - The airflow lo the rig was measured with 
a 0. 18^ m (7. 25 iach) diameter sharp-edged orifice. The 
orifice upstream and downstream pressures were measured 
with flange static pressure taps. The air temperature was 
measured with two chromel-alumel thermocouples located 
downstream of the orifice. In case the instrumentation on this 
orifice should fail, a backup 0. 173 cm (0. 83 inch) diameter 
orifice was available to measure rig airflow. The instrumen- 
tation on that orifice was similar to that of the primary orifice. 

2. Augmentor Fuel Flow - The fuel Hows to the preheater, pilot, 
and zones 2, 3, and 4 were measured with turbine-type flow- 
meters. 

3. Preheater Inlet Air Temperature - This temperature was 
measured with two shielded chromel-alumel thermocouples. 

4. Augmentor Inlet Temperature (Preheater Exit Temperature) - 
The augmentor inlet temperature was measured with seven 
chromel-alumel thermocouples for purposes of setting test 
conditions. However, for all performance calculations the 
augmentor inlet temperature was equated to the preheater 
inlet temperature plus the preheater ideal temperature rise 
calculated from airflow and fuel flow measurements. 

5. Augmentor Inlet Total Pressure - The augmentor inlet total 
pressure was measured with two Kiel-type total pressure 
probes. 

6. Combustion Zone Static Pressure - The static pressure in the 
combustion zone was measured with two wall taps located 
immediately upstream of the exhaust nozzle. 

7. Exhaust Nozzle Total Pressure - The total pressure at the 
exhaust nozzle was calculated by an iterative procedure using 
the nozzle inlet and throat geometric areas, the augmentor 
mass flow, and the combe.stion zone static pressure at the 
nozzle inlet. 

8. Exhaust Nozzle Wall Temperature - The wall temperature of 
the exhaust nozzle was measured with four chromel-alumel 
thermocouples located at the nozzle throat and equally spaced 
around the circumference. These data were used to correct 
the nozzle throat diameter for thermal expansion. 

9. Cooling Water Flowrate - The cooling water Howrate to the 
rig was measured with a 0.031 m (1.225 inch) diameter sharp 
edged orifice located in the discharge manifold. The or**‘*cr 
was equipped with tlange static pressure taps. 
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10. Coolinji Water Temperature - The inlet and outlet cooling water 
temper-atures were mc‘asinv‘d with ehrnm?d-ahimf‘l thermo- 
couples. Tile inlet thermocouple was located in the supply 
manifold. The outlet thermocouple was located in the dis- 
charge manifold just upstream of the waterflow orifice. 

11. Twenty-I^oint, Linear-Hotary Temperature Probe - This prolie, 
shown in figure 18, was used to track the trajectory and disper- 
sion of the fuel following its injection into the swirling flowfield. 
"i'hc prol)e had 20 bare wire, chromel-alumel thermocouples, 
with 10 thermocouples on each of two arms. The probe arms 
were located 2. 1 11 radians {180-degrees) apart. The thermo- 
couples were spaced at 1.27 cm (0.5 inch) intervals i)ctween 

an inner radius of (> . 35 cm (2.5 inches) and an outer radius ol 
17.8 cm (7. 5 inches). 

The probe was driven by a linear- rotary rtduator that was 
capable of 3. 2 15 radians (1 8(>-degrecs) angular rotation and 
30.5 cm (12 inches) linear tiavel. 



Figure 18. 20-Point, Linear-Hotary 3’ruverse Fi: 114890 

Assembly 

12. Air AngU* - IXiring the luel dispersion tests llie mainstream 
air angli* was measured at tlu‘i‘e axial positions (iownstieam 
of the sprayring elenu nts, as shown in tigure 19. Fhe prol)C‘s 
used to obtain these data an* shown in figure 20. The probes 
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were 0. 349-radian (20-degree) wedge-type probes. The probes 
had static pressure taps located on either side of the wedge. 

The air angle was determined by rotating the prolie until the 
static pressures balanced. The rotation of the probes and the 
determination of pressure balance was controlled continuously 
by null balance circuity in the traversing mechanism. Con- 
sequently, the probes could be radially traversed continuously 
without having to stop to ensure that pressure balance was ob- 
tained. 




Figure 19. Location of Air Angle Probes During FD 95579 

Fuel Dispersion Testing 


1 3. Flamefront Location - The location of the flamefront was to be 
determined by measuring the increase in ionization that occurs 
in the flamefront. To do this, the ionization probe shown in 
figure 21 was used. The probe was simply a length of 0.318 
cm (0. 125 inch) diameter chromel-alumel thermocouple wire 
surrounded by a water jacket. The lead wires of the probe 
were approximately 0. 127 cm (0. 050 inch) apart at the tip. 

The probe was hooked to a 10-volt power supply in series with a 
micro-ampere meter to measure the ionization current. The 
voltage drop across the micro-ampere meter was recorded on 
the automatic data recording system. There were two probes 
located on the augmentor, as shown in figure 22. Each probe 
was mounted on a linear actuator so that they could be traversed 
to the centerline of the augmentor. 



!<> 
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End View 

Figure 20. Air An^e Probe Used at the Swirl 
Vane Discharge 


FD 95578 
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Section A- A 


Figure 21. Ionization Probe 
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Fijjure 22. Location of Ionization Probes 


IT) o.'snsi 


i)uring tiu! course of the lost program one of the prol)cs was 
converted to a thcrmoeouple l)v simply welding tlic lead wires 
together. It was hoped that the flamefront could lx- dei(>rmined 
l)V direct temperature measurements. It shoulrl l)e noted iliat 
the temperature recorded by (he prol)e would not be accurate 
due to severe heat losses to the probe cooling water. 
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1 1. Exhaust Emissions - The exhaust gas was sampled for the 
emission levels of unburned hydrocarbon, carbon monoxide, 
carbon dioxide, and the oxides of nitrogen. 

The sampling probe used is shown in figure 23. There were 
four probes spaced 1.571 radians (90-degrees) apart and 
located just downstream of the nozzle exit plane, as shown in 
figure 24. Each probe had five sampling ports spaced on the 
basis of equal areas. Each port was 0. 102 cm (0. 040 inch) 
in diameter. This diameter results in a transfer manifold 
flow area to sampling area ratio of 3/1. As a result, the 
principle pressure drop occurred across the sampling orifices. 

The probes were water cooled to protect them from the hot 
exhaust gases of the augmentor. After passing through the 
probes, the cooling water was injected into the augmentor 
exhaust. 

The sample gases from the probes were collected in a 0. 953 
cm (0. 375 inch) diameter stainless steel manifold and then 
transferred to the analysis equipment via the same diameter 
Teflon lines. The transfer line was electrically heated. It 
was also aspirated to maintain a high sample gas velocity to 
reduce the transit time between the probes and the analysis 
system. 

The sample gas was analyzed for the concentration of unburned 
hydrocarbon with a flame ionization detector. The concentra- 
tions of carbon monoxide and carbon dioxide were determined 
using nondispersive infrared analyzers. The concentration of 
nitrogen oxides was measured using a chemiluminescent analyzer 
Figure 25 is a schematic of the gas analysis system. 

15. Dynamic Pressure Oscillation - The augmentor was equipped 
with two Kistler high-response pressure transducers, as 
shown in figure 17. These instruments were used to record 
the occurrence, if any, of combustion instabilities such as 
rumble or screech. 
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1. 10 Micron Filter 7. Hydrocarbon Analyzer 12. Cooling Coil and Ice Bath 

2. Drierite Cylinder 8. Water Vapor Analyzer 13. Water Sample Tap 

3. Particulate Trap 9. Chemiluminescence NO>( 14. 50-Micron Filter 

4. Calibrated Orifices 10. Carbon Monoxide Analyzer 15. Oxygen Analyzer 

5. Oven Temperature 11. Carbon Dioxide Analyzer 16. Burner Temperature 

6. Calibration Gas 1^- ^^*9 Sample Inlet 

Figure 25. Schematic Diagram of Gas Sampling Equipment FD 97544 

EXPERIMENTAL PROCEDURE 
Fuel Dispersion Test Procedures 

The trajectory and dispersion of the fuel sprays from the single point in- 
jectors were tracked by measuring the temperature depression in the airstream 
caused by fuel evaporation. The tests were conducted at approximately 1- 
atmosphere pressure and at air temperatures close to 649®C (1200T). The air- 
flow was set to give a swirl vane inlet Mach number of 0.250. The temperature 
depressions caused by the fuel evaporation were measured by traversing the au^, 
mentor flow with the 20 point traverse probe described earlier. These traverses 
were made at four axial positions (3.8, 7.6, 15,2, and 24.9 cm) downstream of the 
fuel Injection plane. At each axial position traverses were made at four injector 
fuel flows. These flows were approximately 3.9, 8.4, 15.4 and 19.2 Kg/hr (8.6, 
18.6, 33.9, and 42.3 pph). 

Prior to conducting the test, the sprayring elements were calibrated. As 
mentioned earlier, the elements were designed to flow more fuel than was injec- 
ted into the augmentor. Therefore, there was no direct method of measuring 
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the injected fuel flow. The sprayring elements were calibrated by setting some 
arbitrary input fuel flow, then measuring the injection orifice fuel flow and the 
fuel pressure at the orifice. The How out of the injection orifice was determined 
by measuring the time required to fill a yolume-calibrated container. The in- 
jector flowrate could l)c altered l)V adjusting a valve on the element discharge 
line. The input flow was held constant. This procedure was repeated using a 
different input fuel flow to obtain any effects of varying input flow on injector 
flow. Over the range of element input fuel flows investigated, there was no 
effect on the injection orifice fuel flows, as long as the fuel injection pressure 
was held constant. 

The result of the sprayring element calibrations was a set of curves of in- 
jection orifice fuel flow as a function of pressure. During the fuel dispersion 
tests, the orifice fuel flows were set by setting the fuel pressure in accordance 
with the calibration curve. 

At the start of testing, an isothermal temperature traverse was made at 
each axial position. These traverses were used as the baseline for determining 
the temperature depression caused by the evaporating fuel. The prol)c was then 
returned to the axial position closest to the fuel injectors. The fuel was set to 
the lowest desired flow and a traverse made. The angular sweep rate of the 
traverse probe was adjusted to approximately O.O.'fS rad/scc (2 dcg/secl. The 
data were recorded on the automatic data recording system at the rate of one 
complete scan of all data channels per second. Maintaining the same fuel flow, 
the traverse probe was moved to the next axial position and another traverse was 
made. This was continued until traverses were made at all four of the axial 
positions desired. The fuel flow was then increased to the next higher value and 
the traverses repeated. This process was continued until data were obtained at 
all of the four desired fuel flows. 

Performance Demonstration (Hot Testing) Procedures 

The performance tests were conducted at a near constant pressure of 2- 
atmospheres. With the 27.2 cm (10.69 inch) exhaust nozzle installed, the airflow 
required to choke the nozzle was greater than the test facility capability when opera- 
ting at equivalence ratios below 0.2. 'Ilierefore, during startup an initial airflow of 
approximately 9. 0 Kg/sec (20 Ibj^/sec) was set. The pilot was then ignited at 
a local equivalence ratio of 1. 0, using an automotive-type spark plug. The 
augmentor zone 2 fuel How was set to give an overall equivalence ratio of 0. 2. 

The increase in the nozzle outlet temperature then made it possible to choke 
the nozzle within the airllow capacity of the facility. Whenever the augmentor 
fuel How was varied, the airflow and preheater fuel flow had to l)e adjusted to 
maintain the desii'ed test point of 2-atmospheres pressure and 649’C (1200^F) 
inlet temperature. This was due to the use of a fixed area exhaust nozzle. 

All of the data, with the exception of the gas sampling data, were recorded 
using the high-speed digital recording system. Between desired tost points the 
recording system was operated at a recording speed of 1 scan/second, which 
means that all of the data channels were recorded one time each second. When 
a test point was set, however, the recording speed was increased to 10 scans/ 
second, and data were recorded over a 5-second interval. These 50 readings 
were subsequently averaged to provide a good value for each data channel. Follow- 
ing these readings and with the test condition held constant, the exhaust emission 
data were manually recorded. A second high-speed, 5-second data scan was taken 
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on all the ri^ paramelcrs following the exhaust omissions readings. Thus, two 
complete readings of all the rig pressures, temperatures and fuel flows were ob- 
tained at each test point. 

(las Sampling and Caliijration Procedures 

The gas sampling instrumentation was calibrated by passing a zero and 
several span gases through each instrument at some constant pressure or flow. 
The response of the nondispersivc infrared analyzers, t'() and C'02, varies with 
the pressure in the detector cell. Therefore, it was considered desirable to 
set the sample pressure into these instruments equal to the calibration pressure 
to avoid having to make excessive corrections to the data. The unburned hydro- 
carbon name ionization detector and the chemiluminescence NOx analyzer are 
now sensitive; however, they have built-in flow control systems. During calibra- 
tion, the zero and span gases were admitted to the analyzers at a constant pres- 
sure of 1.29 X 105 N/m2 (18.7 psia). The pressure, calibration gas concentra- 
tion, and analyzer response were recorded. All data were recorded as millivolts. 
Calibration curves were then generated and these curves were used to reduce 
the test data. The calibration curves for all of the analyzers are shown in figures 
20 through 29. As can be seen, the response of the CO and CO 2 analyzers was 
nonlinear, which points out the importance of calibrating over the full range of 
emissions. Two response curves are shown for the CO analyzer because the 
gain setting on the amplifier was arbitrarily changed during calibration prior to 
the last test conducted (test number 42.01). 

Prior to taking sample data at each test point, the flows and pressures 
into each of the analyzers were set equal to the calibration values. The system 
was then allowed to come to equilibrium by monitoring the sample temperatures. 
The sample data, including sample pressure and temperatures, were then man- 
ually recorded. 
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CALCULATIONS 


The basic equations used to calculate the combustion efficiency, total 
pressure losses, inlet Mach number, swirl intensity, and fuel>alr ratio from 
measured temperature depression are presented in this section. 

Combustion Efficiency 


The augmentor combustion efficiency is normally given by; 


EFFMB 

= 

L T6 IDEAL T4A 4.273 x 10 WFTJ 

where; 



EFFMB 

= 

augmentor combustion efficiency, % 

T 

^T6 

= 

actual outlet total temperature, *C (*F) 

^TeiDEAL 

= 

ideal outlet total temperature, ®C (*F) 

^T4A 

= 

inlet total temperature, *C (*F) 

^loss 

= 

heat rejected to combustion chamber jacket cooling 
water. Joules/sec (Btu/sec) 

WFT 

- 

augmentor fuel flow. Kg/hr (pph) 

. _ - . _ 


The heating value of the JP-5 kerosene fuel was taken as 4.273 x Joules/Kg 
(18,370 Btu/lbjn). 


This method of determining combustion efficiency was supplemented by a 
second method based on analysis of the exhaust products. By determining the 
amount of unburned hydrocarbons and carbon monoxide still present in the gases 
passing through the nozzle, the combustion efficiency can be determined from: 


EFFMB 

= 100 - 100 

HVeo (CO - ^ HV^ (UHC) 

q 



HV^ X 10 

where: 



EFFMB 

= augmentor combustion efficiency, % 

CO 

= emission index of carbon monoxide 

^^equil 

equilibrium carbon monoxide emission index 
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T 


T 


UHC = emission index of unburned hydrocarbons 

HV = heating value of carbon monoxide = 1.010 x 10^ 

Joules/Kg (4343 Btu/lb„i) 

HV, = heating value of the fuel = 4.273 x lO’^ Joules/Kg 

( 18 , 370 Btu/lbm) 

Total Pressure Losses 

The overall augmentor total pressure loss is given by: 


DPAUG 


= 100 


P - P 
T4A T6A 


where: 


DPAUG = augmentor total pressure loss, % 

P^^^ = inlet total pressure, N/m^ (psia) 

P . = outlet total pressure, N/m^ (psia) 


from: 


The total pressure loss due to combustion (momentum loss) is calculated 


DPMOM 


^T4A " ^TSIDEAL 


where; 


DPMOM 


momentum pressure loss, % 


^TSIDEAL = ideal tot pressure at the exhaust nozzle, N/m^ (psia) 

PTSIDEAL is calculated using the relations for simple heating of a perfect gas 
(Rayleigh line calculation) in a constant area duct. 

The swirl vane total pressure loss was calculated by subtracting the mo- 
mentum pressure loss from the overall pressure loss, or 


DPSV 


DPAUG - DPMOM 


where: 


DPSV 


= Swirl vane pressure loss, 
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Swirl Vane Mach Number 

The swirl vane Mach number is the Mach number of the flow as It enters 
the swirl vanes. It is given by: 

F (Wa ) ^ ^ FAPH) SVFR 

^T4A (^ 4 ) 

GAM4 i_ 

GAM4 -■ 1 

where; 


^4 ^T4A 
G(GAM4) 


M4 

= 

swirl vane inlet Mach number 

w 

a 

= 

augmentor dry airflow, Kg/sec (Ib^/sec) 

SVFR 

s: 

fraction of total mass flow passing through the 
swirl vanes 

HUM 

= 

specific humidity 

FAPH 

r: 

preheater fuel-air r; tio 

p 

T4A 

= 

inlet total pressure, N/m^ (psia) 

A . 

= 

2 

swirl vane inlet area = 0. 0729 m (113 in.“) 

GAM4 

= 

gas specific heat ratio 

«4 


gas constant at swirl vane inlet 

G 


standard acceleration due to gravity 


Swirl Intensity 

The nominal swirl intensity at the pilot zone inner wall expressed in terms 
of the standard gravitational constant or "g's'' is; 

gg = (V^ Tan d )2/(RG) 

where; 

gg = swirl intensity in "g's" 

= swirl vane inlet velocity, m/sec (ft/sec) 


I 
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- swirl vaae turning angle, radians (degrees) 
= pilot zone inner wall radius, meters (feet) 


Augmentor Equivalence Ratio 

The augmentor equivalence ratio was calculated by subtracting the pre- 
heater fuel-air ratio from the stoichiometric fuel— air ratio as follows: 


0.0681 - (F/A) 


preheater 


where: 


(F/A)^ 


= augmentor equivalence ratio 
= augmentor fuel-air ratio 


(F/A)^reVieater = preheater fuel-air ratio 

Gas Sample Calculated Fuel-Air Ratio 

The total rig fuel- air ratio, including preheater, was calculated fro r Uie 
measured values of CO 2 , CO, and UHC, using the following equation; and assuming 
the fuel to be represented by the formula CIli, 9 i 85 : 


M + oM 
c h 




UHC \ UHC 

io<^ / “io-i 


100+^ i 

104 \ 4 2 


^ T '^''2 


where: 


= fuel-air ratio 


= carbon monoxide, ppm 
= carbon dioxide, % 

= unburned hydrocarbon, ppmc 
= atomic weight of carbon 
- atomic weight of hydrogen 


= molecular weight of air 

= atomic hydrogen-carbon ratio of fuel 
(the value of a was assumed to be 1 . 9185 
for the fuel used in this program) 
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Fuel Dispersion Study Data Reduction Procedures 


As stated previously, the fuel spray was tracked following injection into 
the augmentor by measuring the temperature depression brought about by the 
evaporation of the fuel. The measured decreases in temperature were con- 
verted into fuel-air ratios by performing an enthalpy balance between the heat 
lost by the air and the heat gained by the fuel. 


Therefore: 


(h . . 
\ air 1 


. - h . 
m air mix! 


^fuel (^fiiel mix ^fuel in^ 


where: 


h . . 
air m 


h . 

air mix 


fuel in 


fuel mix 


= local mass flowrate of air. Kg/sec (Ibj^/sec) 

= local mass f.owrate of fuel, Kg/sec (Ib^/sec) 

= enthalpy of air at the rig inlet temperature, 
Joules/Kg (Btu/lb^) 

= enthalpy of air at mixture temperature, Joules/Kg 
(Btu/lb^) 

= enthalpy of fuel at fuel inlet temperature, Joules/Kg 
(Btu/lb^) 

= enthalpy of fuel at mixture temperature, Joules ''Kg 

(Btu/lbm) 


Rearranging the equation gives 


^fuel _ (F/A), , _ \ir in \ir mix 

M , ~ hf , . - h, , . 

air fuel mix fuel in 


The air and fuel enthalpies were obtained from published properties for 
each. The fuel inlet temperature was calculated by linearly interpolating be- 
tween the sprayring elejnent inlet and outlet temperatures. The interpolation 
is given by 


■fuel in 


= T + IT - T 




where: 


fuel in 
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fuel temperature at the injection orifice 
fuel temperature at sprayring element inlet 


r 
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T fuel temperature at sprayriag element outlet 

®out 

= sprayring length from fuel inlet temperature 
station to the injection orifice 

= sprayring length from fuel inlet temperature 
station to fuel outlet temperature station 

The point-by-point fuel-air ratios thus obtained were converted to lines of con- 
stant fuel-air ratio by performing linear interpolations in both the radial and 
circumferential directions. Due to the large amount of data, these calculations 
were performed on a digital computer. The results were plotted using an X-Y 
plotter slaved to the computer. 

RESULTS AND DISCUSSIONS 

A test program was conducted with an augmentor that employed swirling 
flow as a means of promoting rapid llame propagation. The program had two 
primary objectives: (1) measure the dispersion and trajectory of JP-5 kerosene 
sprayed into a strongly swirling flowfield, and (2) design a set of sprayrings 
based on the fuel dispersion data and evaluate them by hot testing in the swirl 
augmentor rig. Both the fuel dispersion tests and the performance evaluation 
tests were conducted at a nominal inlet temperature of 649®C (1200”F). The 
fuel dispersion tests were conducted at near ambient pressure and the perfor- 
mance tests at a 2-atmosphere pressure. The performance test data are sum- 
marized in table 1. In addition to these primary objectives, measurements 
were made to determine the mainstream air angle and the location of the flame- 
front and exhaust emissions. The exhaust emission data are summarized in 
table 2. 

Fuel Dispersion Test Results 

The dispersion and trajectory of JP-5-type kerosene was measured by re- 
cording the temperature depression caused by the evaporation of the fuel. The 
measurements were made using a multipoint temperature traverse probe at four 
axial positions downstream of the fuel injection plane. The point-to-point tem- 
peratures were converted to fuel-air ratios by performing an enthalpy balance in 
which heat lost by the air equaled the heat gained by the fuel. Contour plots of 
constant fuel-air ratio were made by linearly interpolating between the point-to- 
point fuel-air ratios. 

The data obtained are presented in figures 30 through 37. On each figure 
are plotted lines of constant fuel-air ratio for each of the axial positions investi- 
gated. The location of each injector is also shown for comparison. The axial 
location of each fuel spray pattern is denoted, as well as the injector fuel flow 
at which the traverses were made. The data of figures 30 through 33 were ob- 
tained with injectors located at 8.26 and 13.08 cm (3.25 and 5.15 inches) radius. 
The remaining data were obtained with injectors located at 10.7 and 15. 1 cm 
(4. 20 and 5. 96 inches) radius. 
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TABLE 1. TEST SU 


/ 

FOLDOUXP^- 


Run No . 

Point No . 

Vine Angle, 
rad deg 

L/D 

Airflow 

Kg/tec Ibrn^iec 

Inlet Pressure 
10 'S pals 

Inlet Temp . , 

•c •r 


Wref 

Ref Velocity , 
t}i SM ft /sec 

Swirl , 

DPS ' 

; 

40. 02 

580 

0.61 

35 

1.37 

10.7 

23.6 

236.5 

34.3 

684 

1263 

0.285 

0.202 

119 

390 

3352 

8. 

40. 02 

1500 

0.61 

35 

1.37 

10.65 

23.5 

235. 1 

34. 1 

682 

I ?59 

0. 285 

0. 20? 

118 

307 

8266 

8. 

40.02 

1601 

0.61 

35 

1.37 

10. 57 

23.3 

239.9 

34.8 

681 

1258 

0.275 

0. 195 

114 

375 

7741 

r . 

40.02 

1770 

0.61 

35 

1.37 

10. 65 

23.5 

239.9 

34.8 

682 

1259 

0.277 

0. 196 

115 

376 

7801 

7. 

40. 02 

1900 

0.61 

35 

1.37 

10.61 

23.4 

244.8 

35.5 

681 

1258 

0, 271 

0. 192 

112 

369 

7511 

7. 

40. 02 

2305 
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As can be seen, the swirling flow field had no effect on the radial position 
of the fuel spray. Centrifugal forces created by the flowfield would be expected 
to force the fuel to the outer wall due to the larger density of the fuel. However, 
if the fuel evaporates and becomes partially mixed with the airflow the resulting 
mixture has a density essentially equal to that of air alone. As a result, the 
centrifugal flowfield would not be able to separate the fuel from the air. This is 
evidently what occurred in these tests. The high inlet temperature flash vaporir.ed 
the fuel spray and the turbulence created by the sprayring elements aided in mix- 
ing the fuel and air. At the first measurement plane, which was 3.8 cm (1.3 inches) 
downstream of the injection plane, the fuel and air were sufficiently mixed to 
negate any effect of the swirling flowfield on the radial position of the fuel spray. 
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Fuel Dispersion Data: Airflow 4.50 Kg/sec (9.92 Ibm/scc); Inlet Mach No. - 0.253 
Inlet Temperature - «>00®C (1112‘’F) 
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The data do show that the spray from the inner and outer sprayring elements - 
radial positions 8,26 and 15.2 cm (3.25 and 5.96 inches), respectively - were 
affected by the expansion of the flow downstream of the pilot and the tailcone. The 
spray at the inner sprayring element moved in toward the centerline as the flow 
expanded to fill the region downstream of the tailcone. Likewise, the spray from 
the outer sprayring element moved toward the outer wall as the flow expanded 
downstream of the pilot annular passage. 

The circumferential motion of the spray can be simply described as a helix, 
with a helix angle equal to ( n/2 - swirl vane angle). 

The results of these measurements show that, for the augmented turbojet 
application, the sprayring design for a swirling flow augmentor can be based on 
conventional augmentor design techniques. The circumferential motion of the 
fuel spray should cause no problems since most augmentors are designed to be 
symmetrical and, therefore, circumferential displacement of the fuel would 
have no effect on the overall fuel distributions within the augmentor. 

Air Angle Data 

Concurrently with the fuel dispersion and trajectory measurements, the air 
angle between the mainstream flow direction and the axial flow direction was 
also determined. As indicated in figure 19, data were obtained by radially 
traversing the flow at axial positions 1.65, 10.72, and 21.41 cm (0.65, 4.22, 
and 8. 43 inches) downstream of the fuel injection plane. The data are shown in 
figures 38, 39, and 40 for the respective axial positions. 

The air angle was found to be constant and equal to the swirl vane angle over 
most of the radial span. Near the outer wall, the air angle increased due to the 
expansion of the flow dc..mstream of the pilot resulting in a decrease in the axial 
component of the velocity near the outer wall. The tangential velocity was also 
decreasing due to the increasing radius. However, the radius change and, hence, 
tangential velocity change was small relative to the decrease in axial velocity. 

The result was an increase in local air angle. 

Near the centerline the air angle also increased, as shown in figure 40. 
However, the increase was due both to a decrease in the a.xial velocity com- 
ponent resulting from expansion as well as an increase in the tangential com- 
ponent resulting from the decrease in radius. Inside a radius of approximately 
2. 54 cm (1. 00 inch), the air angle increased to a measured value of 1. 57 radians 
(90 degrees). This evidently represents a region of reverse flow. However, the 
measurement system was not able to measure air angles above this value, so 
definitive data are not available to verify this. 

Augmentor Hot Test Results 

Augmentor hot testing was also conducted to evaluate the performance of 
the concentric sprayring-type fuel injectors. The particular performance pa- 
rameters determined were combustion efficiency, lean blowout limit, flame- 
front location, pressure loss, and combustion stability. In addition, in the process 
of determining combustion efficiency, exhaust emissions data on UHC, CO, and 
NOx were obtained. 
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Figure 39. Air Angle Profile: Probe Location = FD 95594 

10,7 cm (4.220 In.) Downstream of 
Sprayrlngs; Inlet Temperature = 591 *C 
(1095 T); Inlet Pressure = 1.087x10® 

N/m^ (15. 77 psla); Inlet Mach No. - 
0. 254; Airflow = 4. 38 Kg/sec (10. 051 
Ib^/sec) 
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Combustion Efficiency 

Two methods were used to calculate the combustion efficiency. In the first 
method, the outlet temperature was calculated from known values of mass flow, 
nozzle total pressure, geometric area, and discharge coefficient. The effi- 
ciency was then determined by comparing the calculated temperature rise with 
an ideal temperature rise based on fuel properties and known inlet conditions. 

In the second method, the combustion efficiency was calculated from the mea- 
sured values of unburned hydrocarbon and carbon monoxide remaining in the ex- 
haust. 


The nozzle discharge coefficient used in the first method (the so called 
"choked-nozzle method") of calculating the combustion efficiency was determined 
during the test program descrited in Reference 2, The nozzle used in that pro- 
gram was also used in the present program. However, in reducing the data, all 
of the calculated combustion efficiencies were extremely high, greater than 118^/c 
at all test points. Following a thorough examination of the data, it was concluded 
that the presence of the gas sampling probes was interfering with the nozzle 
discharge flow. Consequently, a new nozzle discharge coefficient relationship 
was established using a single data point obtained during the current test pro- 
grams with the gas sampling probes installed. This procedure is discussed in 
detail in Appendix A. However, the procedure failed to correct all of the 
efficiency data, as can be inferred from the greater than 100% efficiency values 
at a large number of test points. Only a full calibration of the exhaust nozzle 
could alleviate this problem. Therefore, only the combustion efficiencies cal- 
culated using the measured exhaust products will be discussed in the following 
paragraphs. 

The gas sample calculated combustion efficiency data are considered to be 
accurate for the following reasons. First, the gas sample is representative of 
the total augmentor flow. This is evidenced by the good agreement between the 
gas sample calculated fuel-air ratio and the fuel-air ratio deterrnined using 
measured values of fuel and airflow. Figure 41 shows the correlation between the 
two fuel-air ratios. As can be seen the gas sample calculated fuel-air ratio is 
within 10% of the measured fuel-air ratio for most of the test points investigated. 
Second, due to the fact that combustion inefficiency is measured by gas sampling, 
rather large errors in the sample can be tolerated before the error in efficiency 
becomes intolerable. In the following presentation the choked nozzle combustion 
efficiencies are also presented for the sake of completeness only. 

The augmentor was tested with length-to-diametcr (L/D) ratios of 0. 87 
and 1.37. Figure 42 shows the results obtained with the longer duct using the 
baseline sprayrings. The baseline sprayrings were those designed using the 
fuel dispersion and trajectory data. As can be seen, the efficiency was high, 

95%) over most of the operating range. At the higher equivalence ratios, the effi- 
ciency fell to approximately 92%. Note that the data shown were obtained with the 
zone 2 and 3 sprayrings only. The test point fuel flows were improperly set such 
that data in which the zone 4 sprayring was operating were obtained at equiva- 
lence ratios above 1.2. As this is too high for practical interest, these data are 
not shown. 
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Following this test, it was found that the spray from the zone 4 sprayring 
was impinging on the rig centerbody. To correct this problem, the zone 4 spray- 
ring designed using the fuel dispersion data was replaced with a modified zone 4 
sprayring. This sprayring had more and larger injection orifices. Therefore, 
the fuel penetration was substantially less. Also, the mean diameter of the spray- 
ring was larger than the baseline sprayring, thus, minimizing the possibility of 
fuel spray impingment on the centerbody. 

The lest results using the modified zone 4 sprayring are shown in figure 43. 
The data show that, by properly zoning the fuel flow between the three spray rings, 
the coniliuslion efficiency at full power (equivalence ratio = 1.0) was increased 
approximately 3 points. The combustion efficiency at Ogug “ ^*0 was 95'( using 
all three spray rings compared to 92'( using only the zones^ and 3 sprayrings. 



Figure 43. Augmentor Efficiency Test No. 42.01. FI) 9f)71(i 

Configuration Consisted of: 0. fil-rad 
(3r>-deg) Swirl Vanes. L/D - 1.373, and 
Modified Zone 4 Sprayring 

In comparing the data of these two tests, a decrease of 3 efficiency points 
at the full-power condition using the zones 2 and 3 sprayrings only is not severe 
considering the poor fuel distriljution. The tolerance of the augmentor to rather 
poor fuel distributions can be attributed to the duct length used. During the design 
of the augmentor sprayrings, the fuel dispersion data used were obtained over 
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a range of augmentor L^D’s from 0, 1 to O.fif) in aceordaiice with the predicted 
flamefront location. The L/^D of the augmentor using the longer duct w\as 1.37, 
or twice the maximum length used in the fuel dispersion studies. This increased 
length provides much more time for the fuel and air to mix and react, resulting 
in the high observed efficiencies using zones 2 and 3 only. 

As shown in figure 41, when the augmentor was tested using the shorter 
duct (L/D “ 0- 87), the combustion efficiency using zones 2 and 3 only wms not 
as good. As can be seen, the combustion efficiency, measured at lui equivalence 
ratio of 1.0, and using zones 2 and 3 only, was 80^'. 4Tie I./l) of this configura- 
tion is roughly equal to that used to obtain the fuel dispersion data. Kvidently this 
combustion length was not sufficient to wash out all of the effects of the off-design 
distribution of the fuel. 



Figure 44. Augmentor Efficiency Test No. 41.01. FI) 95717 

Configuration consisted of 0. 01 -rad 
(35-deg) Swirl Vanes, L/D ^ 0.87, and 
Modlfl^ Zone 4 Sprayring 

Augmentor Lean Blowout 

In a swirling flow augmentor tno only flamoholding device is the pilot bur- 
ner. As long as the pilot remains lit, the augmentor can bo ignited. Consequent - 
ly, the augmentor lean blowout is defined as the lean flamability limit of the pilm 
This was determined to occur at an overall augmentor fuel-air ratio of O.CviH. 
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Flamefront Location 

An attempt was made to locale the flamefront by measuring the increase 
in ionization that occurs in the reaction zone of a flame. As discussed in the 
Instiumentation Section, the ionization of the gases was determined by mea- 
suring the curriait passing between two electrodes immersed in the flame. 
Unfortunately, no definitive data were obtained using that system. Since the 
ionization probe was simply a length of chromel-alumel thermocouple wire, 
it was converted to a thermocouple by welding the lead wires together at the tip. 

A traverse was then made in which the temperature across the duct was mea- 
sured. The resultant data are shown in iigure 15 for the augmentor operating 
on all three fuel zones at an equivalence ratio of 1. 12. The probe was located 
3G, 1 cm (14.2 in.) downstream of the sprayrings. The measured temperatures 
are much lower than gas stream temperatures due to heat conduction to the prolje 
cooling water. It is not clear what the data means. The increase in temperature 
inside the G.4-cm (2.5-inch) radius is probably due to flameholding off of the 
centerbody. Whether the increase in temperature above the G.4-cm radius 
represents the location of the inward moving flamefront is not clear. Due to the 
high level of turbulence, there may not be a well-defined flamefront such as 
exists in laminar flame propagation. 

Pressure Loss 

The measured augmentor nonburning pressure loss data are shown in 
figure 4G. These data were obtained by subtracting the Rayleigh heating losses 
from the overall augmentor total pressure loss. The data are presented in the 
form of a drag coefficient, which is given by 

Cj = DPSV/Q^ 


where 


= Drag Coefficient 

Q 4 = Swirl Vane Inlet Dynamic Head, % of inlet total pressure 

All tests conducted under this program were performed with the turbine 
simulator vanes installed. Independent tests conducted by the contractor have 
shown that the presence of these vanes results in a higher than actual total 
pressure loss. This was due to the geometry of the rig. The total pressure 
probes used to measure the augmentor inlet total pressure were located be- 
tween the turbine simulator vanes. As a result, thev sensed only the highest 
totJil pressure. The region behind each vane, where total pressures would 
be lowest, were not sampled. This bias of the inlet total pressure results in 
a larger than actual measured pressure drop across the swirl vanes. As 
reported In Reference 2, a series of tests were conducted without the turbine 
simulator vanes installed. The results of those tests are shown as the lower 
curve in figure 4(i. It is felt that these data !)ottor represent the total pressure 
losses of the augmentor due to the improvement in the inlet total pressure 
measurement. Also shown on figure 4G arc typical n^nburning pressure losses 
of current high-performance augmentors. As can be seen, the true swirl aug- 
mentor nonburning pressure loss represented by the lower curve is equal to 
that of current conventional augmentors. 
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Figure 45. Combustion Chamber Tonperature Traverse 11) 95719 
Probe Test No. 42.01. Au^mentor Fquiva- 
lence Hatio - 1. 12, Axial Location .‘b>. 2 cm 
(14. 1 In, ) Dc'vnstream of Spravrines 
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Swirl Vane Inlet Mach Number 


Figure 4G. Augmentor Cold Flow Pressure l oss FD 99289 

As mentioned in the section on Augmentor Design Features the swirl 
vanes were simple curved sheet-metal vanes. No attempt was made to contour 
the vanes to minimized vane profile losses. With well-cc.ntoured -anes, cold 
flow drag coefficients on the order of those shown in figure 4(> may be possible. 

Combustion Instabilities 

In most augmentoi's, combustion Instabilities can be a problem. In view 
of this, the swirling flow augmentor was equipped with high-response, pressure 
transducers to record anv dynamic pressure oscillation that mav have occurred. 
During the course of the test program, no instabilities occurred, f igure 47 is 
a typical spectrum plot obtained during the program. In previous tests with this 
augmentor, low-fre(|ueney pressure oscillations (rumble) occurred that could be 
circumvented by proper zoning of the three fuel zones. During this program, 
with the sprayrings used, rumble was not encountered for any zoning combination 
tested. 
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Exhaust Emissions 

The exhaust emission data obtained during the program arc tabulated in 
tal)le 2. These data arc also plotted in terms of emission indexes as a function 
of augmentor equivalence ratios in figures 48 through 51. P'igures 48 thr^^ gh 
50 are plots of the emission indexes of CO 2 , CO, and UHC for the three augmentor 
tests. Figure 51 plots the NOx emissions for all three tests. The CO emission 
indexes plotted are based on measured concentrations of CO. In calculating the 
combustion efficiency from the exhaust emission data, the equilibrium value of 
CO was subtracted from the measured value of CO. The equilibrium concentration 
of CO as a function of overall rig equivalence ratio was supplied by NASA and is 
shown in figure 52. 



Augmentor Equivalence Ratio 


Figure 48. Oas Sample Data; Him 40, 02 Augmentor FI) 97550 

l/l) 1.57 /ones 2 and 3 Onlv 
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Figure 51. Emission Level of KOx Ob- FD 97553 Figure 52. Equilibrium Concentration of FD 97554 

tained With Both Augmentor Carbon Monoxide 

L/D's of 0.87 and 1.37 
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With an augmentor L/D of 1. 37, the UHC emissions were extremely low at 
equivalence ratios above 0.4. However, the CO emissions were high. It is the 
high CO emissions that result in the observed inefficiencies. Quite likely a better 
fuel distribution than that obtained with the sprayrings used in this program would 
result in reduced levels of CO emissions. This is evidenced by the 399( decrease 
in CO emissions obtained at an equivalence ratio of 1.0 by using three fuel zones 
instead of two. Use of four fuel zones instead of three, for example, would yield 
a more uniform radial distribution of fuel than that obtained with the current 
sprayrings. This would result in more intimate mixing of tlie fuel and air, which 
would reduce the CO emissions. 

The exhaust emissions obtained with the shorter duct (L/D = 0.87, figure 50) 
contained substantial amounts of UHC. A portion of this was obviously due to a 
very poor fuel distribution brought about by the use of zones 2 and 3 only. However, 
the UHC emissions obtained with the shorter duct using zone 2 only were higher 
than those obtained with the longer duct using zone 2 only. The emissions differ 
by a factor as high as 3.5 at an equivalence ratio of 0.3. There was evidently 
just not enough length to completely consume the UHC within the confines of the 
shorter duct. An improved fuel distribution would obviously improve the 
performance of the shorter duct, but it would probably still fall short of the 
performance achieved with the longer duct. 


SUMMARY OF RESULTS 


A test program was conducted in which the performance of a swirling flow 
augmentor using sprayrings designed on the basis of measured fuel dispersion 
data was evaluated. The tests were conducted at 649'C (1200°F) inlet air tem- 
perature. Significant test results are as follows; 

1. At the inlet temperatures used, the swirling flovvfieid was 
found to have no effect on the radial movement of the fuel 
spray. 


2. The circumferential movement of the fuel spray was found to 
be a simple helical motion, the helix angle of which was re- 
lated to the swirl vane angle by (rr/2 - swirl vane angle). 

3. Combustion efficiencies of 95% were demonstrated over most 
of the operating range, which extended from an equivalence 
ratio of 0.2 to over 1.0. This result was obtained with an 
augmentor L/D of 1. 37. Using an L/D of 0. 87, the com- 
bustion efficiencies obtained were greater than 80% at all 
equivalence ratios. 

4. The lean blowout of the pilot burner and, hence, the augmentor 
was found to occur at an overall augmentor fuel-air ratio of 

0. 0018. 
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5* The measured nonburning total pressure losses were grc*ater 
than those of current conventional augmentors. However, test 
r(‘suits from other programs show that these high losses were 
due to poor measurements of the inlet total pressures The 
actual pressure losses were found to be equal to those of 
current conventional augmentors. Experience also indicates 
that with well-designed turning vanes, the nonburning pressure 
losses could be made lower than that of current conventional 
augmentors. 

G. During the course of the program no combustion instabilities, 
either rumble or screech, were encountered at any of the test 
points investigated. 
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APPENDIX A 

REVISED NOZZLE DISCHARGE COEFFICIENT CALIBRATION 

In order to calculate combustion efficiency using the choked nozzle method, 
an accurate nozzle discharge coefficient, Cj, is required to determine the effec- 
tive choked area. In swirling flow the discharge coefficient is a complex function 
of total pressure-to-ambient pressure ratio and the swirl intensity at the nozzle 
discharge plane. This necessitates a complete calibration throughout the range 
of pressure ratios and swirl parameters if accurate and reliable combustion ef- 
ficiencies are to be calculated. For instance, a 4% error in Cd will result in a 
89( error in exhaust temperature, which will result in a 12V error in combustion 
efficiency near an augmentor equivalence ratio of 1.0. 

In previous swirl augmentor testing, two fixed area nozzles were used, one 
of 21.9-cm (8,62-inch) diameter and one of 27-2-cm (10.69 inch) diameter. A 
limited amount of calibration testing was performed on the 21,9-cm nozzle and 
the results provided discharge coefficient curves vs pressure ratio and nozzle 
tangential Mach number. The larger, 27.2-cm nozzle could not be calibrated as 
completely be cause of stand limitations on airflow and pressure. Only one cali- 
bration point was obtained at a pressure ratio of 2. 1 and tangential Mach number 
of 0. 255, This correlated exactly with the 21. 9-cm nozzle at that point. The 
data also showed little effect of pressure ratio on the discharge coefficient. 
Therefore, for the 27.2-cm nozzle, the discharge coefficient used in the ^choked 
nozzle^’ efficiency calculation was the same as that of the 21. 9-cm nozzle at a 
pressure ratio of 2. 1. The calibration curve is shown in figure 53. Two obvious 
errors result from using this calibration. First, pressure ratio effects are 
neglected, and second, the effect of contraction area ratio is neglected. The 
first error was neglected since pressure ratio variations were small during the 
testing. The second error was not obvious at the time but became obvious when 
reviewing recent in-house data on the effects of swirl on nozzle performance. 
That program was designed to assess the effect of pressure ratio, nozzle con- 
traction ratio, and swirl intensity on the nozzle discharge coefficient. 

All testing accomplished under the current contract used the 27. 2-cm 
diameter nozzle. When the data were reduced using the old calibration curve, 
combustion efficiencies over 125% were calculated. Also, efficiency trends 
failed to correlate with gas sample efficiency trends. Upon analysis it became 
apparent that by correcting the discharge coefficient for pressure ratio, using 
the in-house data mentioned above, the efficiency trends correlated reasonably 
well with gas sample efficiency trends, but the level of combustion efficiency 
was still around 125V. One apparent difference from previous testing with the 
large nozzle that might effect the was the insertion of four gas sample probes 
within 1/2-inch of tlis- nozzle geometric discharge plane. As the effect of these 
probes was unknown, a new calibration was required if accurate efficiency 
calculations were to be made. Testing was complete at this time, and the cali- 
bration capability of the facility was very limited, so a review of the acquired 
data produced one calibration point at a pressure ratio of 1.5 and a nozzle 
tangential Mach number of 0. 243. Using in-house data, a discharge coefticient 
for pressure ratios down to 1.5 was calculated. The nozzle contraction area 
and contraction angle used in the in-house data was matched to the 27. 2-cm 
diameter nozzle used in this program. The revised nozzle discharge coefficient 
calibration is presented in figure 54. It can be seen that the one calibration point 
obtained under the current contract matches the revised calibration. Therefore, 
the revised calibration was used to reduce the data in this program. 
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0 0.1 0.2 0.3 0.4 

Nozzle Tangential Mach Number 

Figure 5.3. Initial Nozzle Discharge Coefficient Curve FD 9569f; 
for 27.2-cm (10. 60-ln. ) Diameter Exhaust 
Nozzle 



Figure 54. Revised Nozzle Discharge Coefficient Curve FI) 95097 
for 27.2-cm (10. 09-ln. ) Diameter Exhaust 
Nozzle 
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